Temporal Solitons in Microresonators driven by Optical Pulses by Obrzud, Ewelina et al.
Temporal Solitons in Microresonators driven by Optical Pulses
Ewelina Obrzud1,2, Steve Lecomte1, Tobias Herr1,∗
1Swiss Center for Electronics and Microtechnology (CSEM), Time and Frequency Section, Neuchaˆtel, Switzerland
2Geneva Observatory, University of Geneva, Geneva, Switzerland
∗Tobias.Herr@csem.ch
Continuous-wave laser driven Kerr-nonlinear, optical microresonators have enabled a variety of
novel applications and phenomena including the generation of optical frequency combs, ultra-low
noise microwaves, as well as, ultra-short optical pulses. In this work we break with the paradigm of
the continuous-wave optical drive and use instead periodic, pico-second optical pulses. We observe
the deterministic generation of stable femtosecond dissipative cavity solitons on-top of the resonantly
enhanced driving pulse. Surprisingly, the soliton pulse locks to the driving pulse enabling direct all-
optical control of both the soliton’s repetition rate and carrier-envelope offset frequency without
the need for any actuation on the microresonator. When compared to both continuous-wave driven
microresonators and non-resonant pulsed supercontinuum generation, this new approach is substan-
tially more efficient and can yield broadband frequency combs at femto-Joule driving pulse energies
and average laser powers significantly below the parametric threshold power of continuous-wave
driven microresonators. The presented results bridge the fields of continuous-wave driven resonant
and pulse-driven non-resonant nonlinear optics. They enables micro-photonic pulse compression,
ultra-efficient low noise frequency comb and resonant supercontinuum generation for applications
including optical data transfer and optical spectroscopy. From a scientific perspective the results
open a new horizon for nonlinear photonics driven by temporally and spectrally structured light.
I. INTRODUCTION
Continuous-wave (CW) laser driven, Kerr-nonlinear
optical microresonators[1–10] have emerged as versatile
platforms for nonlinear optics. They give rise to effi-
cient parametric frequency conversion[11–13], stimulated
Brillouin[14, 15] and Raman scattering[16–18]. In par-
ticular, microresonator based frequency combs with tens
of Gigahertz mode spacing[8, 19–25] from visible[26–28]
to mid-infrared wavelength[25, 29, 30] and over wave-
lengths intervals that enable self-referencing[23, 31–33]
have attracted significant attention due to their high
technological potential. Already now, such frequency
combs have found application in coherent optical data
transfer[34], arbitrary optical waveform generation[35],
ultra-low noise electronic signal generation[21, 36, 37]
and also hold promise for astronomical spectrometer
calibration[38–40]. Of particular importance is the
generation of temporal dissipative Kerr-cavity solitons
(DKS)[41–48], ultra-short bright pulses of light that
propagate indefinitely and without changing their shape
inside the microresonator. Such DKS provide a reliable
way of achieving a smooth spectral envelope and low
noise frequency combs[41, 49]. Owing to these properties,
such soliton frequency combs have for instance enabled
chip-scale dual comb spectrometers[50, 51], 50 Tbit/s
optical data transmission[52] and broadband, low noise
comb generation for self-referencing[32, 43]. Essential for
the existence of (bright) DKS are the optical nonlinearity
and the material’s anomalous group velocity dispersion
(GVD) that, by balancing each other, prevent temporal
spreading of the soliton. In addition, the inevitable res-
onator losses are compensated by the CW driving laser
or “holding beam” that via the Kerr-nonlinear paramet-
ric gain constantly provides energy to the soliton. While
their spatial analog has been known to scientists for more
than a decade[53], temporal DKS, a manifestation of the
intricate yet stable interplay between dispersion, nonlin-
earity, parametric gain and loss, have only recently (prior
to their observation in microresonator) been observed in
long fiber-ring cavities[54]. Here, the fiber-ring cavity
was driven by a CW holding beam and individual pi-
cosecond pulses have been used to excite DKS. Moreover,
it has been shown in fiber-ring cavities that phase mod-
ulation of the CW holding beam on time scales much
faster than the resonator roundtrip time can be used
for writing and erasing of DKS at arbitrary times in-
side the cavity[55] and for trapping solitons into specific
(co-propagating) timeslots[56]. Such methods are not
directly applicable to microresonators as the resonator
roundtrip time is much faster and the soliton pulse du-
ration much shorter in comparison to fiber-ring cavities.
Indeed, the generation of DKS in microresonators is to
date challenging. First, a precise and rapid control (com-
parable or faster than the resonator’s thermal time con-
stant) of the relative CW laser to resonator detuning is
required in order to achieve stable soliton operation[41].
Second, due to the spontaneous formation of the DKS
from an uncontrollable breathing soliton state[41, 57–59],
the number as well as the relative separation in time be-
tween solitons are random and cannot deterministically
be controlled. While to date operation of nonlinear mi-
croresonators does generally rely on a CW driving laser,
it has been shown that phase and amplitude modulation
of the CW laser can overcome some of the challenges
associated with the formation of DKS[48, 60]. These
approaches are similar to experimental demonstrations
where bi-chromatic driving[61] or parametric seeding[62]
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2were used to control the dynamics of four-wave mixing
or the generation of “platicons” in the normal dispersion
regime[63] via intensity modulation of the CW laser. In
all cases however, a CW driving beam remains an inte-
gral component of the system. Such CW operation is
in contrast to non-resonant schemes in nonlinear optics
where, e.g. in supercontinuum generation[64], in order
to benefit from nonlinear optical effects ultra-short, high
peak power pulses are used (the peak power enhance-
ment corresponds to the inverse pulse duty cycle). In
this work we deviate from the concept of a CW driving
beam for micoresonators. Instead, we explore resonantly
enhanced pulsed driving of a microresonator for nonlin-
ear optics and, in particular, the generation of DKS. This
does not only correspond to a novel scheme of resonant
supercontinuum generation, but could also allow for un-
precedentedly efficient, microresonator-based ultra-short
soliton pulse and frequency comb generation. In a pulsed
driving configuration, a periodic train of driving pulses
would need to replace the CW holding beam, so that in-
side the cavity a resonantly enhanced pulse co-propagates
with the soliton pulse (Fig.1a,b). Based on the current
understanding, this would however require fine-tuning of
the driving pulse repetition rate to avoid that the driv-
ing pulse and the soliton drift apart[65]. Considering a
driving pulse duration of 1 ps and a driving pulse repe-
tition rate of 10 GHz, it can be expected that the soli-
ton and the driving pulse would drift apart (resulting
in annihilation of the soliton) within less than 10 ms
if the driving pulse repetition rate differs only by 1 Hz
from the soliton’s natural pulse repetition rate (defined
by the free-spectral range (FSR) of the microresonator).
Stabilizing the microresonator’s FSR to the 1 Hz level
would amongst other aspects imply a temperature stabil-
ity of better than 10 µK, despite the effect of comparably
strong laser induced heating. Hence, stable DKS gener-
ation seems exceedingly challenging in an experimental
system.
II. RESULTS
Below, we investigate for the first time theoretically
and experimentally the dynamics of nonlinear optical
microresonators driven by periodic optical pico-second
pulses, whose corresponding optical modes are matched
to the modes of the resonator. We show that femtosec-
ond DKS can form inside the cavity on-top of the res-
onantly enhanced external driving pulses. Surprisingly,
DKS formation does not require the external pulse rep-
etition rate to exactly match the FSR of the resonator.
Instead, the repetition rate of the external laser can even
be tuned around this value without destroying the gen-
erated soliton. The measurements reveal that the soliton
stays tightly locked to the driving pulses and adapts adia-
batically to the externally imposed pulse repetition rate.
This remarkable behavior is in agreement with numeri-
cal simulations revealing the underlying plasticity of the
soliton that by shifting its center wavelength adapts to
the externally imposed pulse repetition rate. We more-
over demonstrate that pulsed driving can significantly
lower the average threshold power of DKS formation to
below the parametric threshold power[11] (and even be-
low the thermal bistability power[66]) of CW driven sys-
tems. An advantageous side effect of the highly efficient
and targeted pulsed driving is that, in contrast to CW
driven systems, the laser can be slowly (i.e. manually)
tuned into the soliton state without the need for rapid
and complex actuation on the driving laser or the res-
onator. Finally, we note that for the experiments a novel
fiber-based microresonator in Fabry-Pe´rot[67] geometry
is used, constituting the first demonstration of temporal
dissipative solitons in a standing wave resonator.
A. Microresonator and Experimental Setup
In the experiment we use a novel single-mode optical
fiber-based Fabry-Pe´rot microresonator[67] as shown in
Fig.1c. This microresonator consist of a mm-scale opti-
cal fiber whose end facets have been coated with highly
reflective, zero group delay dielectric Bragg-mirrors. The
resonator has a FSR of 9.77 GHz, a resonance width of
5.9 MHz and a linear coupling efficiency of 60%. While
the Bragg-mirror would in principle allow for engineer-
ing of the resonator’s group-velocity dispersion (GVD)
e.g. for operation in the visible wavelength regime or
for dark pulse generation[68, 69], this is not required in
the present case, where the optical fiber already natu-
rally provides an anomalous GVD of β2 = −20 ps2/km
(at the driving center wavelength of 1559 nm) as required
for the existence of bright solitons. The anomalous dis-
persion implies that the resonator’s FSR increases with
optical frequency ν. The Kerr-nonlinearity and the ef-
fective mode area of the optical fused silica fiber are
n2 = 0.9 × 10−20 m2W−1 and Aeff = 85µm2. This res-
onator design allows for a high-Q microresonator with a
FSR low enough to be matched by the available driving
laser source. For reasons of mechanical robustness and
convenient interfacing with optical fiber, the resonator
fiber is mounted inside a fiber optic ferrule whose diam-
eter matches standard FC/PC fiber connectors. As op-
posed to travelling wave resonators, which require a bus
waveguide, a prism or a tapered optical fiber for coupling,
the present system is inherently fiber-coupled (Fig.1d).
The transmitted spectrum gives direct access to the in-
tracavity soliton field and is equivalent to a drop port
that efficiently suppresses uncoupled driving light during
operation[44]. While it is the first time that generation
of DKS is attempted in a Fabry-Pe´rot microresonator,
this resonator geometry is formally equivalent to ring-
type microresonators. We note that a similar nonlin-
ear resonator, albeit with lower finesse and smaller FSR
has been used for CW driven Brillouin-enhanced hyper-
parametric generation[70].
Figure 1e shows the experimental setup. While in
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FIG. 1. Experimental scheme and setup. (a) Continuous-wave (CW) driven microresonator: A temporal dissipative
soliton can form inside the resonator and propagate with a roundtrip time defined by the resonator’s inverse free-spectral range
(FSR) while being supported by the resonantly enhanced CW background. (b) Pulse driven microresonator: Periodic pulses
can resonantly build up in the resonator when their corresponding optical modes coincide with the resonance frequencies.
Stable solitons can only form if the inverse driving pulse repetition rate 1/frep and the soliton roundtrip time match precisely.
(c) Photograph of a fiber-based Fabry-Pe´rot microresonator. The inset shows the measured reflection and transmission when
scanning a low-power CW laser across the resonance frequency. (d) Schematic of the microresonator and its integration into
the setup. (e) Experimental setup comprising a pico-second periodic laser pulse generator based on electro-optic intensity
and phase modulators (IM/PM) driven by a 10 GHz signal generator. A chirped fiber-Bragg grating (CFBG) is used for
chirp-compensation and pulse formation. EDFA: erbium doped fiber amplifier, BPF: bandpass filter, ESA: electronic spectrum
analyzer, OSA: optical spectrum analyzer.
principle the driving laser can be based on any pulsed
laser technology, we use for experimental exploration an
electro-optic modulation (EOM) based pico-second pulse
generator[71]. A 1559 nm CW fiber laser is strongly
chirped using an EOM phase modulator (driven by a tun-
able 9.77 GHz microwave source) and compressed into pi-
cosecond pulses via linear propagation in a chirped fiber-
Bragg grating with a group delay dispersion (GDD) of 10
ps/nm. Prior to phase modulation, an intensity modula-
tor is used to carve out the modulation half-period with
the correct sign of chirp. Such EOM based pulse genera-
tors allow for straightforward control of both pulse repe-
tition rate and carrier-envelope offset frequency (equiva-
lent to the optical frequency of the CW laser). After chirp
compensation in the CFBG the pulses have a pulse dura-
tion of 2.4 ps and are characterized by an almost flat-top
spectrum. Next, the pulses are amplified in an erbium-
doped fiber amplifier up to 1.5 W of average power. Prior
to being coupled to the resonator, the amplified pulses
propagate through approximately 10 m of optical fiber
resulting in moderate pulse shortening to 2.1 ps and for-
mation of weak side pulses (peak power 13% of main
pulse, separation from main pulse approx. 2 ps). This
manifests itself in the generation of “spectral ears” reduc-
ing the efficiency of the driving laser. While not critical
for the present work, this could be improved by optimiz-
4ing the delivery of the amplified pulses to the microres-
onator. Throughout this work we assume to effectively
generate 30-50 optical lines (corresponding to the inverse
pulse duty cycle) of approximately equal optical power
that are spaced from each other in optical frequency by
the modulation frequency.
B. Experimental Generation of Solitons via Pulsed
Driving.
In a first experiment we attempt to generate solitons
by precisely matching first the pulse repetition rate (de-
fined by the modulation frequency) to the resonator’s
FSR and second the central mode of the pulsed driving
laser (defined by the CW fiber laser in Fig.1e) to a reso-
nance of the microresonator. The central spectral mode
of the driving pulses corresponds to the carrier-envelope
offset frequency of the driving pulses. In the following
we denote this quantity as foff and measure it relative
to an (arbitrary) optical frequency close to a resonance
frequency. In this first experiment, the pulse duration
is 2.1 ps and the coupled driving power approximately
100 mW. In order to identify a regime of potential soli-
ton formation, we repeatedly scan foff across a resonance
(from blue to red detuning in analogy to the CW driven
system[41, 66]) while at the same time slowly varying the
microwave modulation frequency around the value of the
FSR of 9.77 GHz. The resonator transmission, which
is the cumulative resonance shape of all driven modes,
shows characteristic “step” features. These are similar
to the ones observed in CW driven systems where they
are directly related to DKS formation[41] (Fig.2a). In
contrast to CW driven systems, the observed transmis-
sion is essentially free of the random fluctuation of step
length and height. Surprisingly, the step feature appears
for a rather wide, 100 kHz spanning interval of driving
pulse repetition rates frep, suggesting that DKS forma-
tion in a pulsed system is unexpectedly robust against a
mismatch between frep and the resonator’s FSR.
Indeed, when tuning into the soliton step, we ob-
serve a spectrum of more than 1000 individual spectral
lines (within 25 dB) and its envelope follows closely the
sech2-shape characteristic for DKS (Fig.2c). This spec-
trum corresponds to a single soliton pulse of 137 fs du-
ration circulating stably in the microresonator with a
pulse repetition rate of 9.77 GHz. Distinct from CW
driven systems is that there is no strong individual spec-
tral component being orders of magnitude stronger than
the soliton spectrum. Two spectral features can be dis-
tinguished: First, around 1570 nm an “up-down” fea-
ture, characteristic for avoided mode crossings[72] is vis-
ible. While the intrinsically single mode resonator dras-
tically reduces the number of mode crossings (compared
to mostly multi-mode microresonators), the two polar-
ization mode-families (non-degenerate due to stress in-
duced birefringence) can weakly couple via linear scat-
tering at the resonator facets. This coupling can give rise
to avoided mode crossings. The second spectral feature,
is composed of the spectral “ears” adjacent to the central
portion of the driving laser spectrum. Those “ears” are
already present in the driving laser spectrum prior to its
coupling to the microresonator and are due to the Kerr-
nonlinearity of the optical fiber transporting the pulsed
light from the EDFA to the microresonator. Only the
central in-phase portion of the spectrum effectively con-
tributes to driving the soliton (as can be seen from the
relative power reduction of this part of the driving spec-
trum).
Once tuned into the soliton state, the soliton remains
stable until the laser is tuned out of the resonance
without requiring any feedback loop. Figure 2d shows
the electronic intermode beatnotes detected after optical
bandpass filtering and amplification of the soliton spec-
trum (according to Fig.1e and Fig.2c). The bandpass
filtering limits the detection to spectral components of
the actual soliton pulses and not the driving pulses, the
amplification ensures a good signal-to-noise ratio. The
detected beatnotes precisely correspond to the repeti-
tion rate of the driving laser (microwave synthesizer and
analyzer were cross-referenced), are perfectly stable and
show 1 Hz resolution bandwidth limited signals without
any sidebands or sign of noise anywhere from DC to the
carrier frequency (the weak sidebands visible in Fig.2d
(left) at 50 Hz offset frequency are induced by the elec-
trical power lines).
Next, we investigate the robustness of the solitons
against variation of the driving laser’s pulse repetition
rate frep. When varying the driving pulse repetition rate
frep, the soliton pulse repetition rate follows adiabati-
cally (i.e. without annihilation of the soliton) over a
frequency interval spanning 60 kHz (Fig.2e). As a re-
sult, the soliton’s repetition rate can be all-optically con-
trolled and stabilized, in contrast to CW driven systems,
where it is impacted by resonator fluctuation, fluctuation
of laser detuning or laser power and the Raman soliton
self-frequency shift[73, 74]. The observed experimental
behavior suggests that the soliton locks to the driving
pulse and adapts to the externally imposed repetition
rate. We will identify and discuss the underlying phys-
ical mechanism later on. Meanwhile, it is interesting to
compare the interval of 60 kHz over which locking occurs
to the change of the FSR occurring when the resonator’s
temperature increases due to laser induced heating. A
direct measure of this heating effect is the resonance
frequency shift of approximately 10-100 MHz, occurring
when the pulsed laser is tuned into soliton operation (cf.
Fig.2c). This corresponds to a change of the FSR of only
a few kilohertz and is much smaller than the tolerated
frequency mismatch. This explains the robust operation
of the resonator under pulsed driving even when the res-
onator is not actively stabilized. Moreover, this tolerance
of the soliton against temperature variation also enables
“thermal locking”[75], a self-stabilizing effect that locks
the resonator’s resonances to the driving laser as long as
the intracavity power has a negative slope as a function
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FIG. 2. Experimental soliton generation. (a) Resonator transmission obtained when scanning the pulse offset frequency
foff across a resonance frequency for varying pulse repetition rate frep. (b) 2D contour plot showing the nonlinearly deformed
resonance shape including “soliton steps” that appear within an 100 kHz wide interval of frep when scanning the pulse offset
frequency foff across a resonance frequency. (c) Optical spectrum of a single soliton obtained when driving with 2.1 ps pulses
and a coupled power of maximally 100 mW. The sech2-envelope fit (red) indicates a soliton pulse duration of 137 fs. The
yellow/grey spectrum represents the spectrum of the driving pulses. The green spectra show the transmission spectra of the
bandpass filters (BPF 1 and 2) used for intermode beatnote detection. (d) Intermode beatnotes recorded using BPF 1 and 2
in the setup shown in Fig.1e. A resolution bandwidth (RBW) of 1 Hz is used. (e) Adiabatic change of the soliton’s intermode
beatnote (i.e. soliton repetition rate) by varying the external pulse repetition rate frep within an interval of 60 kHz (red is the
max-hold trace of the green signal; BPF 2 is used).
of optical laser frequency (here: foff ). Owing to its me-
chanical stability, the coupled resonator does not require
any acoustic or vibration damping, despite its direct con-
nection to other fiber optical components.
Typically, we only observe step features in the trans-
mission that correspond to single soliton states. This en-
ables deterministic and reliable generation of single DKS
states, which is challenging to achieve in CW driven sys-
tems, yet highly desirable, as the resulting optical spec-
trum is characterized by a smooth, unmodulated sech2-
envelope (Fig.2c). However, via (de-)tuning e.g. the driv-
ing pulse repetition rate frep, the driving pulses can be
arranged to also deterministically result in multi-soliton
states as evidenced by higher “step height” (Fig.3a).
The corresponding optical spectra are characterized by
a modulated envelope as shown in Fig.3b, where the
spectral modulation corresponds to the inverse separa-
tion of the soliton pulses in time. Remarkably, identical
multi-soliton states can be reproduced by using identical
driving pulse parameters. The stability of the spectral
envelope of multi-soliton states over long time scales (>
30 minutes) also agrees well with the solitons being not
only loosely attached to but indeed tightly locked to a
specific relative temporal position of the driving pulse.
Pulsed driving allows for a significant reduction of the
required average driving laser power when compared to
a CW driven system (scaling with the pulse duty cycle).
Consequently, the associated laser induced heating and
thermal resonance shifts are reduced. In stark contrast to
CW laser driven microresonator based DKS generation
where rapid laser wavelength tuning ramps, short driving
power drops or rapid actuation on the microresonator are
required to stably enter the soliton state[41, 43, 45, 46], it
is here possible to slowly (and manually) tune the pulsed
laser into the soliton state by increasing the wavelength of
the driving modes until the step feature is reached. Fig-
ure 3c illustrates the reduction of required driving power
by comparing both the CW and pulsed driving. In the
pulsed case, single soliton generation is already possible
when driving the resonator (linewidth 2.5 MHz, FSR 9.8
GHz) with 2.1 ps pulses and 3 mW of maximally coupled
average power corresponding to pulse energies of approx-
imately 300 fJ. The required average power is below the
parametric threshold power[11] and even below the ther-
mal bistability power[66].
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panel. Based on the sech2-envelope fit (red) the single soliton pulse duration is estimated to be with 394 fs. The used strongly
under-coupled resonator has a resonance width of 2.5 MHz and a FSR of 9.8 GHz.
C. Numerical simulations
In order to interpret the experimental results and to
corroborate the hypothesis of the soliton locking to the
driving pulse and its repetition rate, we perform nu-
merical simulations of the experimental resonator sys-
tem that are based on the nonlinear coupled mode
equations[41, 48, 76]. The nonlinear coupled mode equa-
tions describe, in the frequency domain, the nonlinear
interactions of the optical modes that are excited inside
the resonator through external driving and nonlinear op-
tical frequency conversion. The pulsed driving can be de-
scribed by a set of in-phase driving modes separated by
the FSR of the microresonator with intensities defined by
the assumed temporal shape of the driving pulse. Here,
for simplicity, we assume that all driving modes have the
same intensity. In agreement with the experiment, the
simulated resonator transmission is distorted by nonlin-
ear optical effects and displays a step feature towards
longer wavelengths (Fig.4a). Coinciding with the step
feature is a broadband optical spectrum well described
by a sech2-envelope (Fig.4b). Figure 4c,d show the simu-
lated temporal and spectral evolution of the intra-cavity
fields. Indeed, an ultra-short soliton pulse forms on-top
of the much broader and approximately 400 times lower
peak-power, intracavity driving pulse. Interestingly, the
solitons can be offset from the driving pulse center. More-
over, the simulations indicate that the soliton pulse stays
at the same position in the temporal reference frame of
the underlying driving pulse. The simulated generation
of soliton is possible over a wide range of driving pow-
ers, where higher levels of power result in shorter dura-
tion DKS and broader optical spectra. Moreover, multi-
soliton states can be generated when the driving pulses
are broad enough to support two solitons, or when tem-
porally structured light, i.e. pulses with complex enve-
lope or multiple pulses, is used for driving. The Numer-
ical simulations also confirm that the required power for
single soliton generation scales approximately with the
inverse number of in-phase driving modes (i.e. with the
duty cycle of the driving pulse train).
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2and a group velocity dispersion of β2 = −20 ps2/km. (b) Optical spectrum of the single
soliton at the pulse offset frequency of foff/κ=7.5 (measured with respect to the cold cavity’s resonance frequency) showing
the sech2-envelope that is characteristic for a soliton. The yellow area represents the spectral content of the driving pulses.
(c) Evolution of the intracavity waveform as foff is tuned across the resonance (only a 10 ps wide window, co-moving with the
resonantly enhanced driving pulse is shown). (d) Same as (c) but the optical spectrum is shown.
D. Soliton-to-Pulse-Locking
As discussed in the beginning, the stable generation
of DKS in an experimental pulsed driving configuration
is surprising, as it is expected to be highly sensitive to
minute differences between the resonator’s FSR and driv-
ing pulse repetition rate frep. However, the experimental
observations (cf. Fig. 2, 3) suggest that the soliton pulse
matches the externally imposed pulse repetition rate frep
and locks to the driving pulse inside the resonator. In
order to identify the underlying mechanism, we first de-
fine a mismatch parameter ∆ = frep −FSR, between the
driving pulses’ repetition rate frep and the free-spectral
range at the drive’s center wavelength. In order to study
the locking mechanism in the absence of thermal effects
that may impact an experimental study, we first per-
form a numerical simulation (similar as in Fig. 4 above
but extended by the mismatch parameter ∆). Figure
5a shows the simulation over a time corresponding to
60 cavity lifetimes. This simulation is seeded with the
soliton generated in the previously described simulation
(Fig.4) at foff/κ = 7.5. Then, in contrast to Fig.4, foff is
kept constant and the mismatch parameter ∆ is varied,
first taking negative then positive values until the soliton
decays. It can be seen in Fig.5a (left) that the center
wavelength of the soliton shifts as a function of the mis-
match parameter ∆ (the center wavelength/frequency is
obtained via fitting the wings of the sech2-envelope). As
the resonator’s FSR depends on the optical frequency,
the shift of soliton’s center wavelength entails a change
of the soliton’s repetition rate. For the present (ex-
perimental and simulated) microresonator this increase
of FSR (and hence the natural soliton pulse repetition
rate) can be approximated by dFSR/dν = 256 Hz/GHz
at the driving center wavelength of 1559 nm. In princi-
ple, in order to obtain matching soliton and driving pulse
repetition rates, the soliton would need to shift its cen-
ter frequency by ∆ · (dFSR/dν)−1. Figure 5a (right),
which is based on data extracted from Fig.5a (left), con-
firms exactly this and hence reveals the physics of the
soliton-to-driving pulse locking mechanism. This shift
of soliton center wavelength, a remarkable mechanism of
soliton self-organization and plasticity, is phenomenolog-
ically similar to χ(2)-nonlinear, synchronously pumped
optical parametric oscillators, where the intracavity pulse
shifts its center wavelength in order to match the exter-
nally imposed repetition rate of the pump laser[77]. Fi-
nally, in order to experimentally confirm the identified
locking mechanism, we experimentally generate optical
soliton spectra for four different settings of the driving
pulse repetition rate frep(or respectively, the mismatch
parameter ∆) as shown in Fig.5b (left). In order to re-
duce potential thermal effects or drifts, we record the
spectra at high scan speed with low resolution. Via sech2-
envelope fitting in the wings of the optical spectrum, we
determine the shift of the soliton’s center wavelength and
compare it in Fig.5b (right) to the prediction based on
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FIG. 5. Soliton-to-pulse-locking. (a) Left: Simulated evolution of the soliton’s central wavelength when, for a fixed value of
foff/κ=7.5 (cf. Fig.4), the pulse repetition rate is varied so that the mismatch parameter ∆ becomes first negative, then again
zero and positive until the soliton decays. Right: Simulated shift of the soliton’s center frequency as a function of the applied
mismatch parameter ∆. The grey line corresponds to a linear function with a slope of ∆ · (dFSR/dν)−1 as discussed in the
main text. (b) Left: Experimentally generated, single soliton spectra (1 nm resolution and vertically offset for better visibility)
for four different values of the mismatch parameter ∆ (relatively measured). The sech2-envelopes fitted to the spectral wings
(red) allow deriving the soliton’s center wavelength/frequency. Right: Derived shift of soliton center frequency as a function
of the of applied mismatch parameter ∆. The grey line corresponds to a linear function with a slope of ∆ · (dFSR/dν)−1 as
discussed in the main text.
the above considerations. Indeed, the experiment con-
firms the simulations and further corroborates the iden-
tified locking mechanism.
III. DISCUSSION
In summary, we have investigated experimentally and
theoretically pulsed driving of a microresonator for non-
linear optics and in particular for generation of temporal
dissipative Kerr-cavity solitons (DKS). This approach is
different from previous work that always required a CW
driving or holding beam. When the optical frequency
components of the driving pulse train are approximately
matched with the modes of the resonatorwe, we observe
the generation of stable DKS with femtosecond pulse du-
ration on-top of the resonantly enhanced driving pulse.
The required average driving laser power for generat-
ing the solitons is drastically reduced when compared
to the conventional CW driving case. This is similar to
dark pulse generation where the overlap of bright por-
tions of the intracavity waveform with the driving light
is optimized[68, 69]. Reducing the required driving power
also reduces absorptive heating induced thermal effects
in the resonator, which, in consequence, allows to slowly
tune into the soliton state. Vital for stable DKS gener-
ation is the discovered locking of the soliton to the res-
onantly enhanced driving pulse. This remarkable mech-
anism of self-organization adapts the soliton’s group ve-
locity by shifting the soliton’s central wavelength so that
it matches the externally imposed driving pulse repeti-
tion rate. As result, the pulse repetition rate as well
as the carrier-envelope offset frequency of the soliton are
both controlled and stabilized all-optically by the driving
pulse train. While by the same mechanism, timing jitter
(or phase noise) in the repetition rate of the driving pulse
train will imprint itself on the solitons, cavity filtering[78]
has the potential of reducing this input noise. Besides
the above findings, the presented results also constitute
the first observation of temporal dissipative Kerr-cavity
solitons in a standing-wave resonator geometry.
Pulsed driving is not only applicable to the microres-
onator used here, but is transferable to other nonlin-
ear (micro-)resonators, including on-chip, integrated res-
onators. In conjunction with compact pulsed picosec-
ond lasers or on-chip based continuous wave lasers and
modulators, highly integrated and ultra-efficient systems
can be envisioned. Such systems would also benefit from
the deterministic DKS generation as well as the intrin-
sic, all-optical control. From a practical perspective it
9is important to realize that tuning of the driving pulses’
carrier-envelope offset frequency can be replaced by tun-
ing of the microresonator e.g. piezo-electrically[79],
electro-optically[80] or by micro-heaters[69]. It is also
conceivable to drive microresonators with e.g. stan-
dard, low noise femtosecond mode-locked lasers (frep =
0.1 to 1 GHz). While these lasers’ repetition rate is much
lower than a microresonator’s FSR, the high achievable
peak power can result in systems whose efficiency sur-
passes CW driving by far, while at the same time trans-
ferring the low noise property of the mode-locked laser to
the high-repetition rate soliton. Conceptually, the pre-
sented results bridge the fields of CW driven microres-
onators and pulse-based non-resonant super-continuum
generation and by combining resonant enhancement and
pulsed driving, ultra-efficient systems are created. In par-
ticular, this enables micro-photonic pulse compressors,
ultra-efficient low noise frequency comb sources and res-
onant supercontinuum generation for applications includ-
ing optical data transfer and optical spectroscopy. From
a scientific perspective the results represent a new way
of controlling light in resonant micro-photonic structures
and open new horizons for resonant supercontinuum gen-
eration and nonlinear photonics driven by temporally and
spectrally structured light.
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